Proper expression of the human platelet fibrinogen receptor is necessary for the maintenance of normal hemostazis. This receptor is formed by the heterodimer a prototypic member of the integrin family of adhesive molecules.
B3 is also expressed in other tissues with ay as the vitronectin receptor. It was not possible to study the basis for tissue-specific expression of this gene, because the p3 gene promoter had not been isolated previously. We have now isolated a 6.0-kb human genomic DNA fragment containing 2.0 kb of sequence 5 to the p3 ATG start codon. This clone also contains sequence encoding the signal peptide of the immature B3 protein and 3.0 kb of 3 intronic sequence. Primer extension and RNase protection studies of poly A+ RNA from a human erythroleukemia (HEL) cell line indicated a major transcription start site 30 bp upstream of LL-CELL or cell-environment interactions are modulated by several families of adhesion molecules. The integrin family consists of calcium-dependent . / P heterodimers with similar structural features (for review, see Hynesl). These glycoproteins participate in a variety of cellular processes such as cell growth, polarity, and differentiation by targeting cells to specific extracellular protein matrices or to cognate ligands on neighboring cells. There are at least eight known P subunits and 14 known a subunits expressed on a variety of cells, and most cells contain several integrins.
The most abundant integrin on blood platelets is aI1& (platelet glycoproteins IIb and IIIa), and is present at approximately 50,000 copies per celL2 The primary function of these molecules is to bind fibrinogen on the surface of activated platelets. This activity results in platelet aggregation and in the formation of a platelet plug at the site of a vessel i n j~r y .~
The clinical significance of this receptor is underscored by the bleeding seen in patients with Glanzmann thrombasthenia, in which there is an inherited deficiency or qualitative abnormality of a n b P 3 .4 Despite an abundance of information regarding the function of a n b P 3 and other integrin proteins, little is known about the mechanisms that control the expression of these genes. There is both genetic516 and cell biologic7 evidence for a posttranslational control mechanism for expression. Because phorbol esters have been shown to increase 0(1Ib/?3 the ATG start codon. In an orientation-dependent manner, a 584-bp fragment 5 to the start codon promotes expression of the chloramphenicol acetyl transferase (CAT) reporter gene in K562 cells. CAT expression from this & promoter is fivefold above expression from a "promoter-less" control CAT construct. This B3 promoter lacks TATA and CAAT cis-acting elements, but there are two Spl sites flanking the transcription start site. Other potential transcription factor binding sites are also identified. Phorbol esters (TPA). which increase B3 transcription in K562 cells, stimulated transcription from the 584-bp 5 p3 region. The isolation of this B3 promoter region should permit a more detailed analysis of its transcriptional regulation. protein levels' and P3 mRNA levels,' there is reason to believe that expression is also controlled at the level of transcription. The cDNA nucleotide sequences of all but two integrin subunits ( a , and ~I E~) are known, but only a few promoter regions of the integrin-encoding genes have been analyzed. Those promoters correspond to genes encoding the subunits cy4,'' a5," CD1 lb," q I b (GPIIb), ' 
MATERIALS AND METHODS
Synlhetic oligonzlcl~olid1,prohes. Oligonucleotides pA (5'-CTC-GCATCTCGTCCGCCTCCCGCGGCG-3'). and pC (5'-TCCTAC- [-p32P ]-labeled oligonucleotide probes in 1 mol/L NaCI, 1% sodium dodecyl sulfate (SDS), 50 mmol/L Na2HW4 (pH 7.2), 10% dextran sulfate, and 100 pglmL salmon sperm DNA at 65°C for I6 hours. Unbound probe was removed by consecutive 15-minute washings in buffer containing 4X, 2X, and 1X SSC, 0.1% SDS, and a final wash with 1 X SSC, 0.5% SDS (1 X SSC = I50 mmol/L NaCI, 15 mmol/L trisodium citrate). All washings were performed at 65°C. The autoradiograph was exposed with a intensifying screen for 2 weeks.
Library construction and screening. Because we had previously prepared a vector with SpeI-EcoRI cloning sites, we chose to isolate a fragment of DNA prepared with these enzymes (see Results). Normal human genomic DNA was digested with SpeI and EcoRI restriction enzymes and size selected for fragments 4 kb to 9 kb by sucrose gradient centrif~gation.'~ This material was ligated into the XZAPII phage (Stratagene, La Jolla, CA) vector arms according to the manufacturer's recommendations. The phage library was plated in the XLI-Blue host bacteria (Stratagene) and plaques were transferred to Colony/Plaque Screen (Dupont, Boston, MA) nylon filters. The library was screened sequentially with probe pA followed by rescreening of the same filters with probe pc. Only clones that hybridized with both probes were plaque-purified for additional rounds o f s~r e e n i n g .~~"~ Preparative amplification ofselected clones was performed in liquid cultures.'' Subcloning and sequencing. DNA sequencing data were obtained by the dideoxynucleotide chain termination method,'* but because of the high G-C content, specific modifications were used for some sequences. CATassuys. The eukaryotic expression vector, ElbCAP' was the parent plasmid from which the test constructs were prepared. This vector has a multicloning site upstream of the reporter gene, chloramphenicol acetyltransferase (CAT). Plasmid PLCAT ("PL," for "promoter-less") is the same as E IbCAT, but lacks the E 1 b minimal promoter. Portions of the isolated genomic clone (described below) were engineered into PLCAT. In some constructs, the endogenous @' ATG translation start codon was replaced by a Sac1 restriction enzyme site for ease of cloning and to ensure correct translation initiation of the CAT cDNA. The vector pSV2CAT, which is driven by the SV40 was used as a positive control. All plasmids were purified in cesium chloride gradients.34 The ability of these constructs to initiate transcription was measured as a function of the CAT activity in lysates of transiently transfected K562 cells. K562 cells have megakaryocytic properties and are known to For each experiment. IO X IO6 cells were transfected with 20 pg of plasmid DNA in the presence of 40 pg of salmon sperm DNA by electroporation using a gene pulser (Bio-Rad. Richmond. CA) set at 500 pF, 400 V, and time constants between 7.4 and 8.0 ms. Enhancement of& expression in the K562 cells surface was induced with 100 nmol/L 12-0-tetradecanoylphorbol-13-acetate (TPA). CAT activity in both TPA-induced and uninduced cells was determined by a phase-extraction a~s a y . 4~
Variation in transfection efficiency was measured by quantifying the transfected plasmids as described."5 and then normalizing the CAT activity determinations. Total transfected plasmid DNA was isolated by Hirt extraction4(' and applied to Zeta-prohe nylon membranes using a slot-blot apparatus (Bio-Rad). The filter was hybridized with a ["PI-labeled CAT cDNA and signals visualized by autoradiography. The autoradiograph was scanned with a Bio-Rad model 620 densitometer such that the relative amounts of transfected plasmids in each experiment could be determined and used to normalize the measured CAT activity. Values were normalized according to the lowest optical density reading.
RESULTS
The information which was available before the present study is shown in Fig 1. and indicates the positions of the oligonucleotide probes used. Oligonucleotide primer p c was used to probe Southern blots of normal human genomic DNA to identify target sequences to clone (Fig 2) . We were able to detect well-defined single fragments ranging in size from I .5 to I O kb. Probe pA gave an identical banding pattern (data not shown). These results indicated that probes VILLA-GARCIA ET AL pA and p c would be useful screening reagents and defined their optimal hybridization conditions. The sizes of the DNA fragments hybridizing to probes pA and p c were relatively large and could potentially contain the p3 promoter region. In addition. we could localize the sequences encoding the 5' UTR and the signal peptide of the pro-63 protein to a I .4-kb Ilindlll-BurnHI fragment (lane 7).
In the past, screening previously prepared libraries for the 5' b3 gene region had been unsuccessful. so we constructed a custom size-selected genomic library. We sought to clone the approximately 6-kb EcoRI-Spel fragment (lane 8, Fig  2) . Normal genomic DNA was digested with EcoRI and Spd, size fractionated for fragments 4 kb to 9 kb in size, and ligated into the XZAPll phage vector. Approximately 3 X IO5 plaques were screened using probes pA and pc, and a 6-kb genomic fragment (clone X2 I 14) was isolated. To identify the transcriptional start site for the human 63
gene, primer extension analysis was performed. Two different RTs were used under various reaction conditions in an attempt to maintain a denatured mRNA structure and ensure the transcription of a full length extension product. Doubly selected poly A + RNA from the (~l l h f l 3 expressing HEL cell line was used to extend the antisense oligonucleotide. Primer p c was extended toward the Send, with AMV RT yielding a predominant 108-bp product (lane 5, Fig 5) . This result suggested that the transcriptional start site is 30 bp upstream from the ATG start codon. As a positive control, an CY,,,, primer gave a product with a size consistent with previously published datal3 (data not shown). The 108-bp p3 primer extension product includes 10 bp upstream of the published 5' URT. Moreover. a major primer extension product of 108 bp was obtained using MMLV RT that was absent in the poly A-fraction of the HEL RNA (data not shown). The weaker signals seen above the major product were reproducibly observed in these experiments and may represent additional minor transcription start sites. A longer exposure of 7 days did not suggest additional start sites.
The start site identified in the primer extension studies did not correspond to known consensus sequences. To confirm the transcription start sites seen in Fig 5 . we performed RNase protection studies on HEL cell RNA. These analyses yielded virtually identical results (Fig 6) . The size ofthe major protected fragments in this assay was 108 bp and l I O bp To determine whether the genomic clone we had isolated contained elements that modulate transcription of the p3 gene, we inserted segments of DNA from the upstream region of the clone X21 14 into the promoterless vector PLCAT. The 584 bp 5' to the start codon (in plasmid HSCAT) promotes the expression of CAT in transiently transfected K562 cells (Fig 7) . This CAT expression was fivefold above that of PLCAT. Because promoters are orientation-dependent, we constructed a plasmid that contains the same 584 bp region, but in the reverse orientation (SHCAT). Transfection of this construct resulted in near basal CAT activity. K562 cells constitutively expresses low levels of p3, and can be induced with TPA to express high levels of p3 .8,9 As shown in To ascertain cell specificity of the p3 promoter, we performed transfections in nonmegakaryocytic cell lines. In two separate experiments, we found no difference in CAT activity between Chinese hamster ovary (CHO) cells transfected with HSCAT and PLCAT (data not shown). Similarly, HSCAT did not show promoter activity in an additional experiment using the human cervical carcinoma cell line "HeLa" (data not shown). Certain regions of the 5' p3 clone have a very high GC content, including a stretch of 145 nucleotides immediately upstream of the ATG codon that are 83% GC rich. This is similar to other reports suggesting that in vertebrates many constitutively expressed genes and some regulated genes have 5' flanking regions containing a high density of CpG residues or "CpG islands."58 Often these CpC islands contain promoter and enhancer sequences or include CpG methylation sites that modulate gene transcription. The G-C sequence bias with its attendant high frequency of rarecutting restriction sites and tendency to form stable second- 
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formamide and at 50°C and indicated a similar position for the transcription start sites. Although we cannot completely rule out the existence of mRNAs longer than those which we have identified, several lines of evidence support the transcriptional start site position(s) that we propose. First, both AMV and MMLV RTs produced similar extension products. Second, the products obtained with both enzymes were absent in the poly A-fraction of the HEL RNA, making nonspecific priming less likely. Third, identical start sites were identified by both primer extension and RNase protection studies. Fourth, preliminary experiments show that deletion of the putative start of transcription from HSCAT (-29 to +30 . Fig 4) abolishes CAT activity. Finally, the p, and p2 integrins are also under the control of TATA-less and CAAT-less promoters and have been shown to contain multiple transcriptional start sites.I5." Therefore, we have arbitrarily chosen the strongest signal in the primer extension studies to define the "+ I" position, and the other products mapped to nucleotides -5 to +2 (GTGGGGC genes, including oncogenes, structural genes, and integrins (eg, a 2 , allb, and p2).9316 TPA-dependent modulation is thought to be accomplished by the binding of c-fos and cjun to the AP-1 site.61*62 This effect may be indirect in our system, since the 584-bp fragment has no known AP-1 consensus binding site. Finally, our data are consistent with the observation that TPA induces an increase in transcription of p3 mRNA. Using nuclear run-on experiments, Zutter et a1 showed that p3 mRNA levels increased fivefold during VILLA-GARCIA ET AL TPA-induced K562 cell differentiation, and that this increase was not due to altered mRNA stability.' These TPA-induced changes in P3 mRNA level coupled with the clear differences in tissue distribution strongly suggest that integrin expression may be controlled at the level of transcription. (YI& is the only known integrin in which the two subunits are physically linked in the genome. This association may be coincidental, but it is tempting to speculate that conserved cis-acting elements on the long arm of chromosome 17 have acted as genetic pressure to maintain this linkage. By analogy, there are specific enhancer elements in the P-globin gene cluster that control the expression of genes I O kb and 60 kb d~w n s t r e a m .~~ Sequence analysis of the 5' end of the p3 gene shows some features present in other megakaryocyte genes. Both the %,I3 and the P3 genes lack canonical consensus TATA and CAAT sequences. In addition, both genes have binding sites for the ubiquitous transcription factor Spl, and in the case of 0 3 , the putative transcriptional start site overlaps with an Spl site at nucleotide -2 to +8. Perhaps most significantly, the 20-bp repeats at positions -146 and -126 contain TCTAGAGA, similar to the sequence CCTAGAAG found in enhancers modulating the promoters of two other genes, a l l h and GPIb,14,49 expressed only in megakaryocytes. The sequence YCTAGARR (where Y is pyrimidine and R is purine) may represent a potential megakaryocyte-specific element. Additional functional studies using cis-acting elements from p3 can address issues such as tissue specificity and coregulation with a l l b .
The differential pattern of tissue expression for q b and P3 suggests independent factors controlling gene transcription. and the 5' end of the P3 gene has some features found in other genes, and more specifically, in other integrin genes. There is a PU element (GAGGAA) that is recognized by the transcription activator PU. I . This is a member of the e1.s oncogene family. which is thought to be involved in the tissue specificity of & transcriptional a c t i v a t i~n .~' .~~ There is a CCCACCC element that could be bound by PUFS3 or oxidaseS4 and neutrophil elastase66 genes. Finally. 8, contains three overlapping elements (CCCCTCCC) that have also been found in the promoter sequences ofthe &.l6 aminopeptidase N,5h c~~-antitrypsin,~~ and myeloper~xidase~~ genes. A more detailed functional analysis of the p3 promoter will greatly enhance our understanding of the regulation of expression of the fibrinogen (0111b/p3) and vitronectin (a,/fl3) receptors specifically, and other integrins in general. sP164.65 transcription factors and is found in the myeloper-
